Lung cancer is the leading cause of cancer-related mortality worldwide. Early detection or prevention strategies are urgently needed to increase survival. Hyperplasia is the first morphologic change that occurs in the bronchial epithelium during lung cancer development, followed by squamous metaplasia, dysplasia, carcinoma in situ, and invasive tumor. The current study was designed to determine the molecular mechanisms that control bronchial epithelium hyperplasia. Using primary normal human tracheobronchial epithelial (NHTBE) cells cultured using the 3-dimensional organotypic method, we found that the epidermal growth factor receptor (EGFR) ligands EGF, transforming growth factor-alpha, and amphiregulin induced hyperplasia, as determined by cell proliferation and multilayered epithelium formation. We also found that EGF induced increased cyclin D1 expression, which plays a critical role in bronchial hyperplasia; this overexpression was mediated by activating the mitogen-activated protein kinase pathway but not the phosphoinositide 3-kinase/Akt signaling pathway. Erlotinib, an EGFR tyrosine kinase inhibitor, and U0126, a MEK inhibitor, completely inhibited EGF-induced hyperplasia. Furthermore, a promoter analysis revealed that the activator protein-1 transcription factor regulates EGF-induced cyclin D1 overexpression. Activator protein-1 depletion using siRNA targeting its c-Jun component completely abrogated EGF-induced cyclin D1 expression.
Introduction
Hyperplasia in the bronchial epithelium, as evidenced by increased cell proliferation, is associated with conditions such as trauma, smoking, chronic cough, chronic inflammatory airway disease, and cancer. It is the first of several progressive, cumulative, genetic and morphologic changes associated with lung squamous cell carcinoma, followed by squamous metaplasia, dysplasia, and carcinoma in situ (1) (2) (3) . These extensive, multifocal changes occur throughout the respiratory tree when the lungs are chronically exposed to common carcinogens, a phenomenon known as field cancerization (4).
In the developed lung, growth factors and their signaling receptors support cellular activities in equilibrium, preserving normal lung structure and function (5) . However, this homeostatic control can be compromised during the accumulation of genetic and molecular alterations that lead to lung cancer. Several decades of research have revealed that the ErbB system is a critical growth factor system in normal and abnormal epithelial cell proliferation (6, 7) . The ErbB family, ErbB1-4, plays an important role in lung cancer development. In addition, several ErbB ligands are aberrantly regulated in cancer cells. Therefore, we hypothesized that bronchial hyperplasia results from ErbB hyperactivation in bronchial epithelial cells. To test this hypothesis, we evaluated ErbB ligands for their ability to induce bronchial hyperplasia using a 3-dimensional (3-D) organotypic air-liquid interface primary bronchial epithelial cell culture system (8) (9) (10) . We then determined which downstream signaling pathways and genes were 
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As monotherapy, erlotinib, a small molecular inhibitor targeting the intracellular tyrosine kinase domain of EGFR, significantly prolonged survival in previously treated advanced nonsmall cell lung cancer (NSCLC) patients compared with placebo (13) and was recently approved by the FDA. Erlotinib has anti-proliferative effects arising from G1 arrest and pro-apoptotic effects on cancer cells (14) . However, its effects on normal and hyperplastic bronchial epithelial cells are unknown. Our results showed that erlotinib blocks EGF-induced bronchial hyperplasia and can reverse hyperplasia, restoring normal bronchial epithelial morphologic characteristics.
We identified several mechanisms involved in the onset of changes leading to lung cancer, such as abnormal cell proliferation, which may be targets for preventing malignant progression.
Materials and Methods
Chemicals
Erlotinib (LKT Laboratories, Inc.), U0126, LY294002, and Akt inhibitor VIII (Calbiochem) were dissolved in dimethylsulfoxide.
Cells
Normal human tracheobronchial epithelial (NHTBE) cells were obtained from the Lonza Walkersville, Inc. A549 lung cancer cells were obtained from the American Type Culture Collection. We authenticated A549 cell by genotyping through MD Anderson cancer center DNA analysis core facility.
3-D organotypic air-liquid interface cell culture and treatment
We cultured NHTBE, or A549 cells using the 3-D organotypic air-liquid interface method described previously (9, 11) . The medium in the bottom chamber was changed every 24 h. We treated 7-day-old confluent NHTBE cells grown on a porous membrane of a Transwell Prevention of Bronchial Hyperplasia 6 plate with various ligands (Sigma-Aldrich) for ErbB receptors EGF (10 ng/ml), transforming growth factor-alpha (TGF-α, 10 ng/ml), amphiregulin (AR, 50 ng/ml), or heregulin (HR, 100 ng/ml) for 4 days. The ligands were included only in basal media, and the apical side of the cultures was exposed to air by removing the media overlaying the cells in the upper side of the well. For dose-dependent experiments, we used 0.5, 2.0, 5.0, 10, and 25 μg/ml of EGF. For timedependent experiments, we cultured cells with 5 ng/ml of EGF for 1 to 4 days.
Western blot analysis
We prepared total protein extracts using cold radioimmunoprecipitation assay lysis buffer according to the manufacturer's instructions. The cells were treated with EGF (5 ng/ml) for 24 h, when target protein levels had been reduced more than 70%, as assessed by Western blot analysis.
Immunohistochemistry and immunofluorescence
The NHTBE cells were fixed in neutral-buffered formalin and embedded in paraffin.
Sections (5 μm each) were prepared using a microtome, mounted on slides, deparaffinized in xylene, rehydrated in graded alcohols, and washed in distilled water. 
Statistical analysis
For each experimental outcome, descriptive statistics (mean, standard deviation, median, and range) were summarized for each group. An analysis of variance (ANOVA) model was used to detect any differences between treatment and control groups. 
Results
EGFR ligands induce hyperplasia in bronchial epithelial cells grown in 3-D organotypic culture
To determine whether ErbB receptors are involved in bronchial hyperplasia morphologic changes, we cultured NHTBE cells using the organotypic air-liquid interface method with various ErbB receptor ligands, including EGF (10 ng/ml), TGF-α (10 ng/ml), AR (50 ng/ml), and HR (100 ng/ml), for 4 days. We histochemically evaluated ErbB ligands' effects on morphologic changes in NHTBE cells and found that the NHTBE cell layer was statistically significantly thicker after treatment with EGFR ligands, EGF, TGF-α, and AR but not with HR (Fig. 1A) . Quantitative changes are shown as mean thicknesses: control=13 (± 2) μm, EGF treated=42 (±6) μm, TGF-α treated=31 (±4) μm, AR treated=28 (±3) μm, and HR-treated=15 (±2) μm cells. These data clearly demonstrate that high EGFR ligand concentrations induce bronchial epithelial cell hyperplasia. The most prominent hyperplastic morphologic changes in NHTBE cell culture histologic patterns were induced by EGF; therefore, we selected EGF for subsequent study.
To determine EGF's dose-dependent effects on NHTBE cell hyperplasia, we incubated NHTBE cells with EGF for 4 days. Immunohistochemical analysis and cell quantitation clearly indicated that EGF induced hyperplasia in a dose-dependent manner. NHTBE cell layers were significantly thicker after treatment with 5 ng/ml of EGF, and cell quantitation showed a similar pattern (Fig. 1B) . To determine EGF's time-dependent effects, we incubated NHTBE cells with 5 ng/ml of EGF for 1 to 4 days. The NHTBE cell layer expanded in a time-dependent manner.
Four days of treatment resulted in an approximately 2.5-fold increase in cell number and cell layer thickness (Fig. 1C) . Multilayered hyperplasia is believed to result from uncontrolled bronchial epithelial cell proliferation. To identify the specific NHTBE cell population after EGFR ligand exposure, we performed Ki-67 immunostaining in NHTBE cells grown in a 3-D organotypic culture system. We used A549 cells as a positive control. As shown in Fig. 2, immunohistochemical (Fig. 2A) and immunofluorescence (Fig. 2B) 
MEK/ERK pathway is a critical signaling pathway for EGF-induced NHTBE cell hyperplasia
The MEK/ERK and PI3-K/Akt pathways are well-established downstream signaling pathways of the EGF-EGFR pathway (12) . To determine the relative importance of these pathways for transmitting EGF-induced hyperplasia signals in NHTBE cells, we treated fully confluent 7d-old NHTBE cells with 5 ng/ml of EGF for 2 hr. EGF induced Akt, ERK, and CREB phosphorylation in NHTBE cells (Fig. 3A) , demonstrating that the Akt and ERK pathways may participate in EGF's induction of cell proliferation and layer thickening. To further understand the relative role of these pathways, we treated 7d-old NHTBE cells with EGF (5 ng/ml) alone or in combination with pharmacological inhibitors targeting select molecules in the PI3-K/Akt and ERK signaling pathways: erlotinib (EGFR-TKI, 1 μM), U0126 (MEK inhibitor, 5 μM), LY294002 (PI3-K inhibitor, 10 μM), and Akt inhibitor VIII (10 μM) for 15 min. Inhibitors were pretreated for 30 min before EGF treatment. Erlotinib completely inhibited EGFR, Akt, and ERK phosphorylation (Fig. 3B) 
LY294002 and Akt inhibitor VIII had no effect on EGF-induced ERK and CREB phosphorylation (Fig. 3B) .
To further determine the morphologic consequences of inhibiting critical molecules in signaling pathways, we cultured NHTBE cells for 7 days until they become confluent and then treated with EGF (5 ng/ml) alone or in the presence of various inhibitors for 4 days. NHTBE cells treated with EGF alone experienced hyperplastic changes and increased thickness, whereas those treated in the presence of erlotinib or U0126 underwent no such changes. However, LY294002-and Akt inhibitor VIII-treated NHTBE cells still showed hyperplasia and increased thickness (Fig. 3C) . These results suggest that the MEK/ERK pathway is the main pathway by which EGF induces hyperplasia in NHTBE cells. We next determined whether inhibitors reverse EGF-induced hyperplasia in NHTBE cells. After they became hyperplastic, the cultures were maintained in media containing 0.5 ng/ml EGF in the absence or presence of erlotinib (1 μM), LY294002 (10 μM), U0126 (5 μM), or Akt inhibitor VII (10 μM) for 4 additional days. Only erlotinib successfully reverted EGF-induced hyperplasia such that normal morphologic characteristics were restored (Fig. 3D) .
Cyclin D1 is increased during EGF-induced NHTBE cell hyperplasia
Increased cell proliferation is partly responsible for hyperplasia induction. Because elevated cyclin levels play a role in enhancing cell proliferation, we determined cyclin levels in NHTBE cells after EGF treatment. EGF robustly increased cyclin D1 and slightly increased cyclin E2 expression (Fig. 4A) . However, A1 and B1 were not significantly increased. The EGFR and MEK inhibitors erlotinib and U0126, respectively, markedly blocked EGF-induced expression of cyclin D1, but LY294002 and Akt inhibitor VIII did not (Fig. 4B) . To determine which transcription factors are involved in EGF-induced cyclin D1 gene expression, we performed a cyclin D1 promoter-luciferase activity assay (Fig. 4C) . We transfected NHTBE cells with various cyclin D1 promoter-luciferase reporters (wild type, AP-1 site mutant, and CRE sites mutant in the cyclin D1 promoter region) and treated the transfected cells with or without EGF. EGF increased luciferase activity over 20 times when wild-type or mutated CRE cyclin D1 promoter reporters were introduced (Fig. 4C) . However, when the AP-1 recognition sequence was mutated or removed, the EGF response was dramatically lower than that in the wild-type promoter. This result demonstrates the importance of the AP-1 transcription factor in EGF-induced cyclin D1 overexpression.
Next, we investigated the activation status of AP-1 components c-Jun and c-Fos. EGF induced c-Jun expression and phosphorylation (Fig. 4D) but not c-Fos (data not shown). In addition, erlotinib and U0126 markedly blocked EGF-induced c-Jun phosphorylation (Fig. 4E ).
c-Jun knockdown with c-Jun siRNA prevented EGF-induced cyclin D1 expression, suggesting that EGF-induced cyclin D1 expression is mediated by c-Jun (Fig. 4F) . Thus, we concluded that EGF induces cyclin D1 overexpression and that this overexpression is mediated by AP-1 (c-Jun) transcription factor. In addition, EGF-induced cyclin D1 overexpression is blocked by EGFR and MEK inhibitors.
Discussion
We demonstrated that bronchial hyperplasia can be modeled and manipulated in vitro In view of multistep lung carcinogenesis and field cancerization, our results suggest that erlotinib may be useful as a chemopreventive agent as such agents inhibit, delay, or reverse carcinogenesis. First, erlotinib may be beneficial for high-risk patients, such as those with a strong smoking history. Erlotinib is currently being studied in the adjuvant setting after surgery and chemotherapy in NSCLC. Lung cancer develops in a field with extensive and multifocal hot spots throughout the respiratory trees, which are consistently exposed to common carcinogens.
Even after tumor resection, these hot spots can develop into lung cancer. After resection, the risk of a second primary lung cancer is approximately 1% to 2% per patient per year, with a cumulative risk of up to 20% at 6 to 8 years after resection (15) . Erlotinib would target two cell populations at once: micrometastatic NSCLC cells and evolving bronchial epithelial cells. 
lymphomas, head and neck squamous cell carcinomas, esophageal cancer, and breast cancer (17) .
Cyclin D1 is part of the cyclin-dependent kinase (CDK)-cyclin complex that increases retinoblastoma (Rb) protein phosphorylation at the G1-S transition and may play a role in transcriptional regulation. Cyclin D deregulation, by amplification or transcriptional upregulation, has been found in many tumor types (18) (19) (20) (21) (22) . The p53-Rb pathway that mediates G1 arrest is the most commonly affected pathway in lung cancer. Defects in G1-regulatory proteins, especially p53-p21WAF1, p16-Rb-cyclin D1, and cyclin E-p16 pathway deregulation, seem to be essential to lung cancer development (23, 24 ). An immunohistochemical analysis demonstrated cyclin D1 and E overexpression in bronchial preneoplasia that precedes the development of squamous cell carcinoma (25) . These data imply that increased cyclin levels play a critical role in preneoplastic bronchial lesion progression. This conclusion was confirmed in bronchial epithelial cellular models (14) and carcinogen-induced lung tumors in animal models (26, 27) .
Cyclin D1 overexpression may portend a worse prognosis in patients with resected lung cancer (28), although results have not been consistent (29) . Cyclin D1 appears to be regulated by EGFR in gefitinib-resistant EGFR mutant cell lines, and these cell lines are sensitive to flavopiridol, a CDK inhibitor (30) . Cyclin D1 repression is an indirect marker of erlotinib treatment response in aerodigestive tract cancers (31) . Chemoprevention trials have found that rexinoid, a selective retinoid X receptor agonist, suppresses cyclin D1 expression in NSCLC (32), and low cyclin D1 expression predicts longer cancer-free survival in laryngeal premalignancy patients (33) . Thus, cyclin D1 levels have been studied as markers for abnormal cell growth in chemoprevention trials (34) . Cyclin D1 gene expression regulation has been reported to include the ras/raf/MAPK cascade in fibroblast cells (35, 36) , p60Src pathways through CREB/activating transcription factor 2 activation in breast cancer cells (37) , and PI3-K/Akt/NF-κB pathway- involved pro-oncogenic effects in human bronchial epithelial cells (38) . Our data showed that EGF activates the PI3-K/Akt and MEK/ERK pathways in a time-dependent manner. However, only the MEK/ERK pathway was involved in EGF-induced cyclin D1 expression, suggesting that it is involved in early-stage lung carcinogenesis.
As shown in Fig. 5 , we found that bronchial hyperplasia can be modeled in vitro using a 3-D organotypic culture method and prevented by blocking the EGFR/MEK signaling pathway.
We further found that bronchial hyperplasia is dependent on cyclin D1, which is regulated by AP-1 activation through the MEK/ERK pathway rather than the PI3-K/Akt pathway. Our model system and results will help elucidate the molecular mechanisms of lung carcinogenesis at its early stages and may support the prophylactic use of EGFR-targeting agents in patients at high risk of tumor development. 
